F solution nuclear magnetic resonance, and combined electrochemical results [cyclic voltammetry (CV) and in situ electron paramagnetic resonance spectro-electrochemistry] reveal that the fluoride complex 1 is different from the other halides 2−4 in terms of electro-oxidation behavior (presence of three anodic peaks instead of one in the CV profile). 1 is also different from its symmetrical analogue ( tBu PCP)NiF in terms of halogen-bonding capability toward the halogen-bond donor, iodopentafluorobenzene (C 6 F 5 I, IPFB). The positive ΔS°value for the formation of the 1···IPFB adduct inferred from the van't Hoff plots is in agreement with the existence of (1·H 2 O) aggregates in solution, not present in 2−4. The high nucleophilicity of the fluoride ligand and the simultaneous presence of electrophilic (acidic) protons on the sidearm of the pyrazole ligand are at the origin of the observed phenomena.
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INTRODUCTION
Intermolecular interactions such as hydrogen and halogen bonding have found applications in various fields of chemistry and interdisciplinary sciences. 1−7 Over the past decade, the study of halogen bonding in particular has undergone dramatic development. It has emerged as a powerful, directional, and selective noncovalent force in molecular recognition, supramolecular assembly, materials chemistry, and structural biology. 8−15 Halogen bonding typically involves a Lewis acidic, covalently bound halogen and a Lewis basic site. It is commonly observed for the heavier halogen iodine, where its lower electronegativity and higher polarizability facilitate the redistribution of the electron density when the halogen is involved in covalent bonds, 16 thereby yielding an electrondeficient region aligned along the covalent bond. This region of positive electrostatic potential is called "σ-hole," 17 and it is enhanced by the presence of an electron-withdrawing group bound to iodine. Thus, iodopentafluorobenzene (C 6 F 5 I, IPFB) is a better halogen-bond donor than the simple iodobenzene (C 6 H 5 I), owing to the strong electron-withdrawing inductive effect of fluorine on the aromatic ring. From the halogen-bond acceptor side, transition metal fluorides have been analyzed as candidates in recent years by a number of seminal studies. They have been extensively studied to elucidate their unusual reactivity and their role in C−F activation and C−F bond formation processes. 18−23 Indirect evidence based upon complexes of other metal halides 24, 25 and upon simple fluoride ions 26, 27 suggests that fluoride ligands may serve as halogenbond acceptors. Indeed, metal fluoride complexes are today recognized as good acceptors of both hydrogen and halogen bonds. 28−32 Among the various 3d transition metal complex fluorides conceivable, those of nickel play a predominant role.
In fact, synthesis and characterization of organometallic highvalent nickel species is of great importance as they have been widely proposed as key intermediates in carbon−carbon and carbon−heteroatom bond formation reactions. 33−36 Ligand design turns out to play a vital role in determining the stability and reactivity of the corresponding Ni centers. However, the generation of high metal oxidation states (such as Ni III or Ni IV ) and related complexes is not easy using classical pathways but can be achieved through electrochemical methods. In this context, the study of electrochemical properties and mechanism of redox processes of these organometallic species is of great interest. Following our investigation on novel unsymmetrical pincer-type complexes containing the pyrazole-based 37 in toluene at reflux for 24 h (Scheme 1a). The HX byproduct is trapped by the addition of trimethylamine, with the concomitant formation of the related (NEt 3 H)X ammonium salt that precipitates out of the reaction mixture. As previously reported by some of us for the synthesis of ( tBu PCP)NiF, 38 the fluoro-complex ( tBu PCN)NiF (1) is obtained from chloro-analogue 2 after treatment with thallium fluoride in methanol (Scheme 1b). The driving force for the halide abstraction reaction is provided by the formation of the insoluble TlCl that is easily separated from the supernatant through filtration.
Complexes 1−4 were isolated in the form of air-stable yellow powders; they were characterized both in solution (multinuclear 1 H, 13 , and 4, respectively). 1 and 4 crystallize in the P2 1 /n monoclinic space group, with four molecules per unit cell, whereas 2 and 3 are isostructural and crystallize in the P1̅ triclinic space group, with two molecules per unit cell. In all cases, the coordination geometry around the metal center is square planar (Figure 1 Table 1 for the crystallographic parameters of 1−4. Table S1 in the Supporting Information compares the main bond lengths and angles among the three crystal structures. An intriguing feature of 1 is the presence of one water molecule as the crystallization solvent that engages into multiple hydrogen bonding with three adjacent pincer molecules, creating a trimeric adduct (Figure 2 ). The high affinity of transition metal fluorides shown toward water and their tendency to keep hydrogen-bonding interactions with water also in solution was already evidenced in the case of ( tBu PCP)NiF through 19 F− 1 H heteronuclear Overhauser spectroscopy (HOESY) NMR experiments. 29 In 1, the ligand acidic protons H(3) and H(7) that strongly interact with the oxygen atom from water play a fundamental role in the formation of the trimer. Indeed, the electrostatic potential surface (EPS) of 1 (Figure 3b ) highlights an electrophilic region associated with the hydrogen atom of the pyrazole ring lying opposite to the fluoride ligand [H(7)Figure 2]. This feature is totally absent in the crystal structure of ( tBu PCP)NiF (Figure 3a) . 38 The hydrogen bond interaction between 1 and H 2 O seems to survive also in solution, and it can be at the origin of the positive ΔS°value measured for the formation of the halogen-bonded adduct 1···IPFB (vide infra, Section 2.2).
2.2. Reaction of 1 and ( tBu PCP)NiF with IPFB: Halogen Bonding. NMR spectroscopy has been actively used in recent years to probe the presence and strength of the halogen bond both in solution 58, 59 and in solid state. 60−63 NMR spectroscopy was used to probe the ability of the fluorides, ( tBu PCP)NiF and 1, to act as halogen-bond acceptors. We showed that both act as a Lewis base in the formation of halogen bonds with the halogen-bond donor, IPFB (C 6 F 5 I, Scheme 2). IPFB is a very efficient halogen-bond donor because the presence of fluorine constituents greatly increases the electrophilicity of the iodine atom through the formation of a σ-hole. . The graph of χΔδ versus χ showed a maximum at χ = 0.5 as expected for a 1:1 complex ( Figure 5 ). Interestingly, the broad appearance of the plot of 1 (Figure 5b) can be attributed to a displacement rather than an association reaction, 65 suggesting a possible role of water in the adduct formation.
64
Binding constants, enthalpies, and entropies of these interactions were evaluated through 19 F NMR titration experiments. Figure 6 shows the titration data for the experiments with both fluorides. For all curves, a significant influence of the temperature on the chemical shifts is observed because of the complexes interaction with IPFB. In ( tBu PCP)-NiF, this effect is relevant for high IPFB concentrations, whereas only small chemical shift differences are found for low concentrations. For 1, the effect seems to be concentration independent. The obtained titration curves were fitted using the simple model of eq 1. This allowed to extract the equilibrium constant (K eq ) for formation of the adduct and the difference between the .
Thermodynamic data (equilibrium constant, standard reaction enthalpy, and entropy) were obtained from titration curves acquired at various temperatures and from the van't Hoff plot (ln K vs T −1 ). Analysis of the titration data gave excellent fits in all cases as well as the resulting van't Hoff plots (R 2 = 0.99) ( Figure 7 ). The thermodynamic values for both fluorides are reported in Table 2 .
Binding enthalpy values [−7.3 and −4.1 kJ·mol −1 for ( tBu PCP)NiF and 1, respectively] are smaller than those reported in the literature for other metal fluoride complexes (falling in the range between −16 and −26 kJ·mol −1 ), thereby indicating the formation of weaker interactions. 30, 31 However, comparison of 1 with the other samples might be compromised by a possible association with water also in solution.
Interestingly, complex 1 shows a positive ΔS°. This suggests the formation of aggregates, likely dimers or adducts with water molecules, of 1 in solution. This hypothesis is supported by the crystallographic evidence [vide supra, Section 2.1] and by the EPS calculations. Indeed, in the solid state, 1 forms trimers kept together by a triply bridging water molecule through O−H···F and C−H···O hydrogen bonding (Figure 2 ). However, diffusion ordered spectroscopy experiments (see Figure S2 in the Supporting Information) ruled out the existence of such a trimer in solution; thus, a simple water adduct (1·H 2 O) kept together by a strong hydrogen bond interaction with water is much more likely to be the solution form, as suggested by the Job plot shape (see above) and by the EPS. Indeed, the electrophilic regions evidenced in the EPS of 1 (Figure 3b) indicate that H(7) could act as a hydrogen- 2.3. Electrochemical Studies. As a further characterization study, all synthesized complexes were characterized via CV and in situ EPR spectro-electrochemistry. CV curves were recorded at an ambient temperature (T = 293 K) using a glassy carbon (GC) as the working electrode at the constant potential scan rate of 50 mV·s −1 . Figure 8 outlines the voltammetric profiles of all Ni halides in the cathodic and anodic regions, whereas Table 3 lists the observed peak potentials. At negative potentials, all complexes show an irreversible reduction peak (C 1 ) ascribed to the Ni II → Ni 0 conversion whose value [E (V)] changes as a function of the halogen type. The higher the halide electronegativity, the higher the overpotential value at which reduction occurs. The appearance of minor reoxidation peaks (A 1 ) for 1−3 in the −1.56 to −1.72 V range is reasonably ascribed to the adsorption of traces of Ni(0) species at the surface of the working electrode. On the other hand, the complexes display different shapes of the anodic part of their CV curves. Thus, for 2 and 3, quasi-reversible oxidation peaks (A 2 −A 4 ) are observed (Figure 9 ), which correspond to the formation of stable nickel(III) derivatives in the electrochemical process. In the case of 4, a new irreversible oxidation peak A 5 at less positive potentials is observed. This peak corresponds to the oxidation of free iodine anions. In fact, the addition of an increasing amount of tetrabutylammonium iodide to the working solution translates into an increase of A 5 and A 2 currents (see Figure S3 in the Supporting Information). The increase of both A 5 and A 2 is due to a two-step oxidation of the free iodide anion that goes through a putative I 3 − intermediate. 66, 67 As expected, the corresponding oxidation process of free chloride and bromide anions takes place at higher potentials, whereas the oxidation of fluoride is not observed because it falls out of the selected potential range. For complex 1, three oxidation peaks A 2 , A 3 , and A 4 are observed in solution. The first one (A 2 ) is irreversible, and it is ascribed to the formation of the Ni III complex 5 (Scheme 4vide infra), whereas A 3 and A 4 are reversible, and they may be ascribed to a sequential [Ni
···Ni IV ] oxidation of the two Ni III metal ions within the dimeric species 7 formed in the electrochemical process after the first oxidation of 1 at A 2 (Scheme 4). Ni IV stable organometallic complexes containing pincer ligands are known; 68,69 they have been obtained through electrochemical methods starting from their Ni II analogues. Their proven stability may be at the origin of the reversibility of the A 3 and A 4 oxidation peaks.
To get additional insights about the nature of the species formed in the electrochemical process, the in situ EPR spectroelectrochemical study was performed on each compound. The comparison of experimentally obtained and simulated EPR spectra is reported in the Supporting Information (Figures S4− S7 and Table S2 ). The data reveal that under reducing conditions, a 2e − process takes place directly with the formation of diamagnetic Ni(0) complexes, as no radical species has been detected through EPR analysis. Under oxidative conditions, we observed interesting results with complexes 2 and 3. At the A 2 potential values, Ni(III) species bearing coordinated halogen in solution are formed (g-factor is 2.177 for 2 and 2.150 for 3, see Figure 9 ). The presence of the halogen in the metal coordination sphere is clearly visible in 3. Indeed, its EPR spectrum shows a hyperfine interaction (HFI) and signal coupling coming from the 79 Br and 81 Br isotopes (I = 3/2) that are responsible for the generation of four lines with a hyperfine splitting of 58 G. No hyperfine coupling was observed for 2 because of the very small coupling constant of 35 Cl and 37 Cl isotopes (parallel = 29 G, perpendicular = 8 ± 2 G). 70 In line with several literature precedents, it can also be claimed that Ni II → Ni III oxidation causes a coordination geometry modification from square planar to distorted tetrahedral (Scheme 3). 71 The latter is additionally supported by the relatively high experimental ΔV(A 2 −C 2 ) values (160 and 110 mV for 2 and 3, respectively) together with a larger gfactor (g = 2.240). ΔV is too high for a simple and reversible one-electron transfer process, but these data match well with a coordination geometry change and with a halide ligand moving from an equatorial to axial position. Furthermore, literature precedents show that d 7 -Ni(III) complexes are generally in the form of low-spin species (S = 1/2) with a strong preference for the tetrahedral coordination geometry. 72 The same g-value of Ni(III) complexes derived from 2 or 3 comes from a weaker HFI of the nuclear spin of the halogen atom in the axial position. It is worth mentioning that this isomerization proceeds even after the electric current switch off ( Figure S8) .
A comparison of the in situ EPR spectro-electrochemical studies carried out on complexes 1 and 4 shows that during the oxidation process, both compounds converge to the same radical species 9 (g = 2.188, Scheme 4), although potentials required for its generation are different. In the case of ( tBu PCN)NiI, the formation of 9 already takes place at E = 0.5 V, and it comes from the oxidation of the halogen-free form 6. As for ( tBu PCN)NiF, 9 is obtained at a more oxidizing potential (E = 1.5 V) with no radical species observed at the anodic peaks A 2 , A 3 , and A 4 . In this case, it can be supposed that the formation of 9 proceeds with time through the simultaneous occurrence of faradic and chemical processes. (5) is thought to occur, "quenching" the paramagnetic signal through dimerization to the EPR-silent 7.
CONCLUSIONS
The unsymmetrical (PCN) pincer halides ( 38 were prepared according to the published procedures. Commercial reagents [anhydrous NiX 2 (X = Cl, Br, or I), TlF, NEt 3 , and C 6 F 5 I] were purchased from Aldrich and used as received, without further purification. Methanol and toluene were purified by standard distillation techniques. Dimethylformamide (DMF) was dried with calcium hydride and purified by distillation. The electrolyte, (NBu 4 )BF 4 , was dried by melting in vacuum and stored under nitrogen. CD 2 Cl 2 and THF-d 8 (Aldrich) were stored over 4 Å molecular sieves and degassed by three freeze− pump−thaw cycles before use. NMR spectra were recorded on Bruker AVANCE 400 and 300 spectrometers or on a JEOL ECP 400 FT-NMR spectrometer. TlF (0.423 g, 1.9 mmol) was added to a solution of ( tBu PCN)NiCl (2, 0.150 g, 0.38 mmol) in dry and degassed MeOH (100 mL). The reaction mixture was then stirred under reflux for 24 h. After cooling, the supernatant was filtered off, and the solvent was removed under vacuum. The yellow residue was then extracted with toluene (3 × 20 mL), and the solvent collected was concentrated in vacuo to afford the product as a yellow solid (0.122 g, yield 85%). NMR spectra in CD 2 Cl 2 are reported in the Supporting Information ( Figures  S9−S11) . Crystals suitable for X-ray diffraction in the form of yellow needles were obtained from slow evaporation of a THF solution of the complex at room temperature. 1 4.2. Crystal Data Collection. Single-crystal X-ray data for 1−4 were collected at low temperature (T = 100 or 150 K) on Oxford Diffraction XcaliburPX diffractometers equipped with a charge-coupled device area detector using Cu Kα (λ = 1.5418 Å) or Mo Kα (λ = 0.7107 Å) radiation. The program used for the data collection was CrysAlis CCD 1.171. 80 Data reduction was carried out with the program CrysAlis RED 1.171, 81 and the absorption correction was applied with the program ABSPACK 1.17. Direct methods implemented in Sir97 82 were used to solve the structures, and the refinements were performed by full-matrix least-squares against F 2 implemented in SHELX2014. 83 All non-hydrogen atoms were refined anisotropically, whereas the hydrogen atoms were fixed in calculated positions and refined isotropically with the thermal factor depending on one of the atoms to which they are bound. The H atoms on the water molecule in the structure of 1 [H(100) and H(101), Figure 2 ] were located in the residual electron density maps and refined isotropically against O(1). The geometrical calculations were performed by PARST97, 84 and molecular plots were produced by the program ORTEP3. 85 CCDC 1868355 (1), 1868356 (2), 1868357 (3), and 1868358 (4) contain the supplementary crystallographic data for this paper. Curves were recorded at a constant potential scan rate of 50 mV·s −1 using an E14-440 analog-to-digital converter and a potentiostat/galvanostat PI-50-1. The EPR measurements were performed with a Bruker EMX spectrometer operational in the X-band.
4.5. Computational Methods. All calculations were performed by the Gaussian 09 (G09) program package 86 employing the density functional theory method 87 with a PBE0 functional. 88 The LanL2DZ effective core potential and the related basis set 89 was used for the nickel atom, and the 6-31G** basis set 90 was used for all the other atoms. Geometry optimizations were carried out without any symmetry constraints. The nature of all stationary points was verified by using harmonic vibrational frequency calculations. No imaginary frequencies were found, thus indicating that we had located the minima on the potential energy surfaces. EPSs are shown in space as well as mapped on electron density (isovalue 0.001) of the molecules.
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